Abstract. In conventional relative gene expression analysis (Northern blotting, RT-PCR, and in situ hybridization), housekeeping genes such as the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin genes, whose expression levels are considered stable, have been used as control genes for normalization of RNA quantitation. However, it has been reported that the expression levels of these two control genes are affected by ischemia. Therefore, we have been searching for novel control genes whose expression levels are stable in a mouse model of transient forebrain ischemia. Using the GeneChip Mu6500 array set, we monitored the expression levels of approximately 6000 murine genes in the mouse hippocampus during 24 h of ischemia-reperfusion. To select stable genes, we applied the restricted criterion of a 1.5-fold change in expression level as the threshold. By adding statistical analysis with this criterion, we identified 10 genes as candidates for control genes from the GeneChip data. In this criterion, GAPDH and β-actin genes were not included in the 10 genes as candidates for control genes. The present findings might be relevant to the use of control genes in quantitation of RNA, particularly in the study of mouse transient forebrain ischemia.
Introduction
Gene expression analyses in cerebral ischemia have been performed in various ways including Northern blotting, RT-PCR, and in situ hybridization. In most of these studies, a few housekeeping genes such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin have been used as control genes for normalization of RNA quantitation (1) . These housekeeping genes are considered to maintain a relatively stable expression level regardless of the tissue type and localization. However, it has been reported that the GAPDH gene expression level is increased under hypoxia in a mouse brain cell line (2) . Harrison et al. reported that the β-actin gene expression level is changed under ischemic conditions in the rat brain (3) . Also, Harrison et al. recommended GAPDH and cyclophilin as suitable control genes in a rat focal ischemia model. These reports suggest the importance of the selection of control genes, according to the experimental conditions. Therefore, searching and evaluation of transcripts whose expression levels are not affected by cerebral ischemia may be necessary for further analysis in ischemia-reperfusion models. With the introduction of DNA microarray technology, it has become possible to simultaneously measure the expression of thousands of genes. This microarray technology is now applied to examine gene expression profiles in neurological disorders such as rat cerebral ischemia (4), rat traumatic brain injury (5, 6) , rat transient forebrain ischemia (7, 8) , mouse transient forebrain ischemia (9) , and mouse long and short attack latency (10) . DNA microarray is capable of comparison of multiple sample data by internal global normalization using the mean or median expression value of the entire genes, without specified control genes such as GAPDH and β-actin. Therefore, we searched for a group of transcripts whose expression levels were not changed by cerebral ischemia, using a high-density oligonucleotide array (Affymetrix GeneChip array) and statistical analysis of the time course in various models of cerebral ischemia-reperfusion. Recently, we identified candidates for control genes in a rat global cerebral ischemia model, in the early phase of ischemia-reperfuion (during 4 h of reperfusion), using a GeneChip array. In our serial study of GeneChip experiments, we searched for control genes in a mouse forebrain ischemia-reperfusion model and identified 10 genes whose expression levels were stable in the mouse hippocampus during 24 h of ischemia-reperfusion. Furthermore, we listed them in the order of expression level and conducted a functional classification based on gene ontology (GO) (11) . The results of the present study provide useful information on quantitative RNA expression analysis for investigators in the field of cerebral ischemia.
Materials and Methods

Transient ischemia induction
Adult male C57BL/ 6 mice, aged 8 -16 weeks and weighing 21 -26 g, were used in this study (Charles River, Kanagawa). All mice were maintained under standard conditions, and given food and water ad libitum. The experimental design was approved by the Ethics Committee of Nihon University School of Medicine and performed according to the guidelines of the Committee to avoid suffering of the animals.
The mouse model of transient forebrain ischemia reported by Yang et al. (12) was used in this study. The mouse model used in this study was the same as the animal that have been previously reported in Nagata et al. (9) . The detailed procedures of this method have been previously described (9) . In brief, the mice were anesthetized with urethane (1.25 g / kg, i.p.) and both common carotid arteries were exposed. Ischemia was established by clamping both common carotid arteries for 20 min with microaneurysm clips. Rectal temperature was maintained at 37.0°C -37.5°C at the time of occlusion, using a heating pad. The clips were then released gently to induce reperfusion. Shamoperated mice underwent identical procedures except that the common carotid arteries were not occluded. Tissue specimens were sampled at 2, 6, 12, and 24 h after reperfusion and in sham control at 0 h. After the animals were decapitated, the brain was rapidly removed and submerged in ice-cold saline. The hippocampus was dissected, immediately frozen in liquid nitrogen, and stored at −80°C until use.
RNA preparation and hybridization to GeneChip array
Microarray expression analysis was performed using a high-density oligonucleotide array (GeneChip array; Affymetrix, Santa Clara, CA, USA) as described previously (8, 13) . Because the quantity of mRNA obtained from the hippocampus of one mouse is too small for analysis, we used six mice that had undergone the same treatment, and pooled mRNA obtained from two mice was used in one hybridization, as described previously (7, 14) . In this study, three GeneChip array sets (corresponding to a total of six mice) were used for each time point. Briefly, mRNA was isolated from homogenized tissue with a QuickPrep mRNA purification kit (Amersham Bioscience, Buckinghamshire, UK), quantified by spectrophotometry, and analyzed by gel electrophoresis. Double-stranded cDNA was generated from mRNA (5 µg) using an oligo-dT primer containing the T7 promoter (Superscript Choice System; Life Technologies, Rockville, MD, USA). In vivo transcription was performed to produce biotinylated cRNA from cDNA using a Bioarray High Yield RNA Transcription Labeling Kit (Enzo Diagnostics, Farmingdale, NY, USA). Then, biotinylated cRNA (20 µg) was fragmented and hybridized to the GeneChip Mu6500 array set containing 6347 probe sets for approximately 6000 murine genes. The array was washed, stained in a Fluidics Station 400 (Affymetrix), and scanned with a Gene Array scanner (Affymetrix) according to the Affymetrix protocol. Scanned image data were analyzed with Affymetrix GeneChip software (Suite 5.0) to generate a "signal", which is a measure of the transcript level, and a "detection" call, which indicates whether the transcripts are detected as "Present", detected at the limit as "Marginal", or not detected as "Absent". To allow interarray comparison, each array was scaled with an average signal intensity of 200.
Data analysis
We analyzed 15 array data sets (n = 3 for each time point; at 2, 6, 12, and 24 h after reperfusion and sham control) to search for genes whose expression levels were stable during 24 h after reperfusion in the mouse hippocampus. To select data with high reliability, probe sets with a signal intensity whose expression was assigned as "Present" across all the data sets were used for the following selections. Then, we selected the genes whose expression levels were stable under ischemiareperfusion according to the following criteria: 1) The signal intensity of all array data sets including various time points was compared with each other, and we selected those genes whose signal intensity showed a less than 1.5-fold difference in all pair-wise comparisons of 15 array data sets. 2) By using statistical analysis, time-course changes in the signal intensity were analyzed by Welch's t-test (P<0.05) and Welch's ANOVA (P<0.05). Genes showing no significant difference among all time points in any statistical analysis were selected. All statistical analyses were performed with GeneSpring software (version 4.2; Silicon Genetics, Redwood City, CA, USA).
Calculation of RNA copy number RNA copy number was calculated with reference to the signal intensity of the external standards, which were added to the hybridization mixture at varying copy number (bio B, 1.5 pM; bio C, 5 pM; bio D, 25 pM; cre 100 pM) as described previously (7). Signal intensities were converted to RNA abundance by comparison with the signal intensity obtained for the quantitative standard. In 10 µg of RNA included in a volume of 200 µl of hybridization mixture, a frequency of 1:300,000 corresponded to 0.5 pM, or about one to three copies per cell. The number of copies per cell was calculated based on the assumptions of an average transcript length of 1 kb and 300,000 transcripts per cell, as described previously (15) .
Functional annotation
In this study, each gene was appended with an annotation based on the GO classification [see The Gene Ontology Consortium (11)] registered in the Mouse Genome Database (MGD; as of March, 2006; see Tables 1 and 2 ).
Results
To search for genes whose expression levels were stable during 24 h after reperfusion in the mouse hippocampus, we analyzed 15 array data sets (n = 3 for each time point; at 2, 6, 12, and 24 h after reperfusion and sham control). Across the 15 array, the average of "present" probe sets were 1178 (18.6%). After the selection of reliable probe sets that qualified our criterion described in Materials and Methods, the remaining 496 probe sets was used for a further analysis. Among these 496 probe sets, 27 probe sets showed a change in signal intensity within 1.5-fold over all pairwise comparisons. Among these 27 probe sets, 10 probe sets showed no significant change in signal intensity by statistical analysis (P<0.05 is assumed to be significant). GAPDH and β-actin were not included in the 10 genes. Table 1 lists the 10 genes corresponding to the 10 probe sets whose expression levels were stable during 24 h of ischemia-reperfusion. Table 1 shows the official gene symbols, names, and GeneBank accession numbers of the 10 genes. To avoid redundancy, only the abbreviations or gene symbols are used in the Results and Discussion.
These 10 genes were divided into the following three levels by the same method as employed by Kobayashi et al. (7), while expression levels and copy number were taken into consideration: H level >50 copies per cell, 50≥ M level ≥10 copies per cell, L level <10 copies per cell. As a result, most genes were included in M level, and only one gene, AES, was included in H level (H level = 1, M level = 9).
With regard to the functional annotations of the 10 genes (Table 2) , we limited the search to the currently registered GO annotations. Using the functional classification, the 10 genes were associated with "metabolism" or "cell growth and cell maintenance" (GO: biological process).
Discussion
In this study, we searched for control genes whose expression level was stable in the mouse hippocampus during 24 h of ischemia-reperfusion. For the selection of stable genes, we used the strict criterion of a 1.5-fold change in expression level as the threshold, and statistical analysis was performed as described previously (7) . Using this strict selection criterion, we identified 10 genes as candidates for control genes (Table 1 ) and classified each gene based on gene ontology (Table 2 ). Although the 10 identified genes have not previously been reported as control genes in a transient forebrain ischemia-reperfusion model, the functional classification showed that most transcripts of these identified genes were associated with "metabolism" or "cell growth and cell maintenance". These findings appear to be reasonable because housekeeping genes are defined as genes that are constitutively expressed to maintain cellular function or play a key role in the maintenance of cells (16) .
In our previous study, we identified 28 control genes in a rat global brain ischemia-reperfusion model by monitoring approximately 8000 genes using GeneChip U34A array (7) . Because the mouse GeneChip array (Mu6500 set) used in this study unfortunately does not contain the probe sets corresponding to these 28 genes, we could not examine whether the expression levels of these 28 genes are stable in a mouse ischemia model. In contrast, we found that expression of 4 (AES, Prdx2, Dlgh3, and TPP2) of the 10 genes identified as control genes in this study changed in a rat ischemia model, in spite of a lack of corresponding probe sets for the Functional columns A, B, and C correspond to A, B, and C, respectively, in Table 2 . The genes are listed in the order of higher expression for each expression level (H, high; M, moderate; L, low). Expression level: H >50, 50≥ M ≥10, L <10 copies per cell. Table 1 . The terms presented are excerpts that correspond to the genes listed in Table 1 . Presentation of all terms constituting GO is omitted. Refer to GO for details (Gene Ontology Consortium: http://www.geneontology.org/). remaining 6 genes (data not shown). Comparing expression data obtained from our present and previous studies, we found that there was no matched gene whose expression level was not changed by ischemia in both a rat and mouse model (data not shown). These results may be explained as follows. First, gene expression levels differ between rat and mouse due to species differences (17) . Second, different ischemia models were used in the present and previous studies. The mouse ischemia model in the present study was generated only by two-vessel occlusion, while Kobayashi et al. employed the Smith method which combines two-vessel occlusion with hypotension in the previous study (7) . Third, the experimental time course was different between the two experiments. In this study, we examined the gene expression during 24 h after reperfusion, while the previous study focused on the early changes in gene expression during 1 -4 h after the onset of ischemia. Moreover, the previous study added two factors (brain temperature: 32°C and 39°C, and localization: striatum) to time course changes. However, the present study subjected only samples of the hippocampus to investigation at a temperature of 37.0°C. Among mouse strains, C57BL/ 6 strain mice have been reported to be the most susceptible to neuronal damage after cerebral ischemia because of the poorly developed anastomosis between the carotid artery (posterior communicating artery; PcomA) (12) . However, it is well known that neuronal damage by ischemia differs among mouse strains and cerebral areas (12, 18) . Further studies, therefore, are needed to determine whether the 10 control genes that we identified are stable in each strain in mouse models other than the C57BL / 6 strain used in this study and in each cerebral area in a mouse model. The 18s rRNA, 28s rRNA, cyclophilin A, tubulin, GAPDH, and β-actin genes have been used as control genes for conventional mouse forebrain ischemia experiments such as quantitative real-time RT-PCR. Among these genes, the probe sets for 28S rRNA and the cyclophilin gene were not included in the mouse array used in this study. 18S RNA was excluded from the list shown in Table 1 because its change in gene expression level was more than 1.5-fold after 2 h of ischemia-reperfusion (data not shown). Tubulin was excluded from the list because its change in gene expression level was more than 1.5-fold after 6 h of ischemiareperfusion. A significant change in GAPDH gene expression level at 24 h after reperfusion was detected by statistical analysis (data not shown). β-Actin was excluded from the list because its change in gene expression level was more than 1.5-fold after 6 h of ischemia-reperfusion (data not shown). The expression levels of the GAPDH and β-actin genes are reported to change under various conditions (1, 19) such as mouse brain hypoxia (2) , hypoxia in human cell culture (20, 21) , and rat focal cerebral ischemia (3, 22) . Our results proved that GAPDH and β-actin gene expression levels change in the mouse hippocampus under ischemiareperfusion. Therefore, in a mouse ischemia model, care should be taken in using these two genes as control genes for normalization of RNA quantitation.
In conclusion, we searched for control genes whose expression levels were stable during 24 h of ischemiareperfusion in a mouse model of transient forebrain ischemia, using a mouse GeneChip array. We identified 10 genes as candidates for novel control genes. The present findings provide useful information for selecting control genes for RNA quantitation, particularly in the study of mouse transient forebrain ischemia.
